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Abstract 

Recent results from the high energy muon scattering experiment, E665 
at Fermilab are presented. In particular we discuss results on the ratio of 
cross-sectionr measured using Xenon and Deuterium at exceptionally low 
=Bj, the 28j 10~~ lid is approximately two orders Of magnitude HOW- 
than any leptoproduction results previously reported. Neutron-proton ra- 
tio measurements are discussed in terms of the Gottfried Sum Rule and 
a measurement of the low tBj contribution to the Gottfried Sum is pre- 
sented. Forward fisgmentstion in muon scattering is compared to fiag 
mentation (u observed in other processes. Finally we discuss measurements 
of the rates of production of forward multi-jet topologies. 

Presented by E.E.Montgomery, Fermi National Accelemtor Zabomtory 
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Introduction 

For experiment E665 at Fermilab, the 1987-88 fixed target period was the 
first time that the full apparatus was exposed to beam. This initial phase of 
the experiment has proved fruitful both in terms of students’ Ph. D. theses 
11, 2, 3, 4, 5, 6, 7, 8, 9, 10) 111, 12, 13) and in terms of written conference 
contributions and publications[lrl, 15, 16, 171 [la, 19, 20, 211 122, 23, 241. In 
this presentation we will select four aspects of the analysis of the data which are 
proving to be particularly interesting and which, at least in part, represent the 
newest results from E665. We will not refer to the data taken in 1990 nor to that 
currently being accumulated. 

The kinematic quantities relevant to structure function physics are determined 
entirely by measurement of the incident and scattered muon. The kinematics of 
the muon scattering process, described by the exchange of a single virtual photon, 
for a fixed beam energy E, is defined by two Lorents invariant variables. Q’ is 
the modulus of the square of the virtual photon four-momentum, Y = E - E,, 
is its energy in the lab system and m, is the mass of the target nucleon which is 
assumed to be at rest. nnj is then given by tgj = Q’/2tnsu. These measures, 
with the addition of the hadronic centre of mass energy W’, W’ = 2m,v + m: - 
Qz, also largely characterise the event for hadronic physics. In addition we will 
utilise other measures for the hadrons which we will define at the appropriate 

time. 

The muon beam 1251 is derived by impinging the extracted, 800 GeV pro- 
ton beam on a Beryllium target. The resultant pions are collected in a system 
of focussing-defocussing quadrupoles and transported for about a kilometre at 
which point a few percent of them have decayed to muons. The hadrons are ar- 
rested by a long Beryllium absorber and the penetrating muons are transported 
through a second quadrupole system to the experiment. During this last 300 
metres of flight the outlying muons are scraped away using magnetised iron el- 
ements, a mu-pipe and a set of toroids, which considerably reduces the rate of 
halo muons at the experiment. In addition a final 3 mr bend in the beam permits 
the measurement of momentum and direction of each individual muon. 



The experiment (261, depicted in Fig. 1, consists of two large superconducting 
dipoles and numerous planes of multi-wire drift and proportional chambers. The 
spectrometer is open and is thus sensitive to the hadronic products of the muon 

interactions as well as to the scattered leptons. In addition to charged tracks, 

the forward going neutral pions and photons are detected in an electromagnetic 
calorimeter. The neutral pions, which decay to two photons, have similar origins 
to the charged pions. However individual photons may also be produced by 

radiation from the muons participating in the interaction. They are a part of the 
m&rive corrections. In one of the analyses presented below, the calorimeter has 
been used to identify those events with and without significant radiation from 
the muon. 

Two independent triggers, which were sensitive over different ranges of scat- 
tering angle, are relevant to the measurements presented here. The Small Angle 

Trigger (SAT) used the beam hodoscopes to project a subset of the individual 
incident muon trajectories to the rear of the-apparatus where the absence of an 
appropriate set of hodoscope hits signalled a scatter. The Large Angle Trigger 
(LAT) used a similar principle but employed the entire beam envelope as defined 
by the beam hodoscopes and consequently gained in luminosity at the cost of 
a larger minimum scattering angle. The acceptances of the two triggers in the 
Qa - Y plane are shown in Fig. 2. In both cases, the scattered muon was chosen 
from candidate tracks reconstructed in the open geometry spectrometer by its 
link to a multi-plane trajectory found downstream of a two metre thick iron ab- 
sorber. The use of two independent triggers permitted a measurement of trigger 
efficiency for some of the measurements. The number of incident muons was 

measured independently for each trigger using cross-checking methods including 
a random sampling of the beams. This permitted the evaluation of cross-section 
ratios and will lead eventually to determinations of absolute cross-sections and 
structure functions. 

In all measurements discussed here, reconstruction efficiencies and acceptances 
were evaluated by extensive Monte Carlo modeling of the individual detector 
elements and complete reconstruction of the Monte Carlo data. 

3 
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Figure 1 
The E665 Apparatus. 
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Figure 2 
Acceptance in the Q’-v plane of the two primary physics triggers. 
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Xenon/Deuterium Cross-section Ratios et Extremely Low znj 

Understanding the interactions of photons, real and virtual, with nuclear mat- 
ter has often taken recourse to measurements of the ratios of cross-sections on 

various nuclei to those on Deuterium. When a depletion of the per nucleon 

cross-section is observed it is called shadowing although some people associate 
this term with the low rnj region only. Until now the lowest nBj, above photo- 

production, for which measurements existed has been nnj or 0.001. Below that 
value radiative processes and p - e scattering become very important. 

In Fig. 3a we show the distributions, in the Q’ - Y plane, of events from the 
Xenon target. The general high population at low anj is evident for Xenon. In 
the Deuterium data, Fig. 3b, we are able to clearly see the p - e elastic scattering 

peak which occurs at nnj = m./n+ 

A previous analysis [7, 181 resulted in the measurements shown in Fig. 4.The 
Xenon/Deuterium ratio is compared to similar data from NMC [27] using Cal- 
cium and Deuterium. The ratio decreases rather strongly as nnj decreases and 
there is no indication of this trend ending. This is surprising since the photo- 
production measurements have values of about 0.7 and the measurements with 
Zsj # 0, Q’ # 0 must extrapolate continuously to the photoproduction point. 

The new measurements from E665[22] have attempted to avoid or reduce the 
radiative effects by explicitly identifying inelastic scatters using the full infor- 
mation on both hadronic tracks and on the calorimeter signals. Two somewhat 
different approaches have been used and each has been checked against Monte 
Carlo simulation. The two methods agree in the ratio. The results are shown 
in Fig. 5. They extend, by two orders of magnitude, the lower limit in onj. 
These data are consistent with the analysis at higher z~j and with the previ- 
ous measurements but, importantly, a saturation is clearly seen. The ratio is 
constant below Zsj = 0.001 and is consistent with the estimates derived from 
photoproduction data. 

It would appear that the bridge between virtual and real photons has been 
made, the data constrain the descriptions of the interactions of photons with 

matter. 



b 

Figure S 
Event distributions: a) versus Q’ and Y from the xenon target for the SAT 
trigger, b) versus IBj for the deuterium target showing the peak from elastic 

muon electron scattering. 



Figure 4 
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Figure 6 
Comparison of E665 data for Xc/D compared to Cs/D from EMC/NA28 at 
extremely low ZBj, the dark bar indicates the systematic error in the E665 data. 
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Neutron Proton Cross-rection Ratios and the Gottfried Sum Rule 

The sensitivity of a measurement of the ratio of, or the difference between, 
proton and neutron structure functions to the relative fractions of up and down 

quarks in the nucleon has long been recognized [28]. Further the Gottfried Sum 
Rule [29, 281 makes the prediction 

/ :(F:-p;)f$;* 
The evaluation uses the quark parton model and assumes irospin symmetry of 
the quark anti-quark sea although devistiona have been contemplated[30]. Mea- 
surements [31,32,33,34] have been made using both electron and muon beama. 
In none of these experiments WM the sum rule found to be saturated, however 

each was lImited at low znj by the range and precision of the data. Recently 
determinations [35, 361 of the sum have been made which extend the range of 
the data to somewhat lower zni but which still do not find that the sum rule is 
saturated. The smallness of the statistical and systematic errors hss led to much 

theoretical speculation [37, 391 as to the cause of the discrepancy. 

Measurements were made with both Hydrogen and Deuterium targets using 
the same target vessel and separated in time by about one month. The com- 
bination of measurements permits the extraction of the ratios and differences 
of proton and neutron cross-sections. The prellmlnsry evaluation of the ratio 
was presented [17] in 1990 and is reproduced in Fig. 6. The errors in this case 
included the contributions from limited Monte Carlo data on a point to point 
basis. In the evaluation described below a somewhat different approach has been 
utillsed. 

The basic ratios on/u, for the SAT data are shown in Fig. 7 with statistical 
errors only. One should note that the mean Q’ valuer vary with enj from 0.5 
GeV’ at the lowest 281 to 16.0 GeVs at the highest. Possible corrections due to 
performance differences in the apparatus (the beam counting, the trigger accep- 
tance and efficiency, the track acceptance and reconstruction efficiency) are s.ll 
at the level of a few percent or less. In order to gauge their combined effect we 
have identified and analysed the elastic muon electron scattering process from 
each target. The signal, a characteristic peak in xBj = m./ms, extracted using 
the electromagnetic calorimeter to identify electrons is shown in Fig. 8 for each 
target. With the luminosity corrections included, the relative yield from each is 
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equal to within a few percent. Consequently we have applied no corrections to the 
raw dots ratios except for the luminosity. Thic procedure is entirely andogoua 

to the methods used some years ago in low energy electron scattering when 
numerous measurementr of the elastic electron-proton scattering cross-section 

were included in the cyclea of datb taking. In most high energy experiments 
the opportunity, the luxury, of a well defined reference process har been absent. 
R&ospectively thir justifies the efforts made in E665 to retain measurement 
sensitivity down to zero rcatterlng angle. In principle there are corrections to be 
made for the binding of the nucleons in the deuteron however these ue negligible 
in this kinematic regime. Radiative correction6 have been calculated and very 
small differences were found between neutron8 and protona. These corrections 

have not been applied. 

In order to evaluate the contribution to the Gottfried Sum we proceed M 
follows. Other experiments [39] have measured the ratio of longitudinal to trans- 
verse componenta of the cross-section to be the same for Hydrogen and Deu- 
terium. This permits us to make the identification F;/~=On/u~=~(Z~j)+ We 
then calculate the quantity F: - F; = 2F,d(l- r(Zsj))/(l + r(zsj)) in individ- 
ual 2gj bins at fixed Q’. In order to do SO we must employ a determination 
of Ff(z~~) which is not currently available from EBBS. There are some alterna- 
tivur [36, 401 each of which i8 limited by the fsct that, as yet, Fjl(zgi) ie. not 
well constrained in this kinematic region. We have at thin juncture chosen to use 
precisely the parameteriaation given by NMC [36]. The evaluation of the aurn 
rule requires that Q’ be fixed, and we have chosen 4 CeV which is within the 
range of our data for most values of =gj. This is &O the value used by NMC. We 
have assumed that +(ZBj) can be different bin by bin in ZBj, constrained only by 
the individual measurements, this is a conservative assumption, the behaviour 
of t(zBJ) is likely to be somewhat smooth. 

Without taking into account the possible systematic errors discussed earlier we 
give as our result 

P 
.ns 

o.wl(~ - m $fy = -0.10 f 0.07. 

At this stage the result is to be taken M preliminary, a publication with more 

detail is in preparation [41]. This result ia consistent with the contribution to 
the integral found by NMC [36] in the region 0.004 < ZBj < 0.15 of 0.091 f 
0.007 (stat). Alternatively the result may be compared to 0.194 f O.O04(stat) 
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which would be the contribution needed from this region to satisfy the Gottfried 
Sum Rule if the NMC data are correct at higher nnj but underestimate the 
contribution to the integral in this low nnj region. Our measurement indicates 
that this is unlikely. 

Forward Hedron Fragmentation 

The final state in muon scattering is dominated by light quarks, the charm and 

bottom quark content is small. Muon scattering thus provides a clean insight 
into light quark fragmentation and Quantum Chromodynamic (QCD) effects. In 
studying fragmentation we use the variables rh and pi; zr, s EhJv is the fraction 
of the exchanged energy carried by the hadron, and pr is the hadron transverse 
momentum, defined with respect to the direction of the exchanged virtual photoa. 
The results [23] presented here are based on the charged hsdrons, produced in the 
forward hemisphere of the total hadronic center of rnus system, from a sample 
of ~11,000 muon-Deuterium scattering events. These events have survived cuts 
as follows: a minimum Y of 100 GeV, 8 maximum ~10.85 (9 = v/E), a lower 
limit of Qs > 2 GeVs/c’. The requirement on the hadronic energy fraction, 
zn > 0.1, limited the sample of tracks to those which had adequate acceptance 
in the forward spectrometer. 

Figure 9a shows the scaled energy distribution (zh) for charged hsdrons mea- 
sured in this experiment. The average W’ of the data set is 420 GeV’. The error 
bars represent the statistical errors only. For comparison, data at somewhat lower 
W, measured by the EMC [42] and by earlier muon scattering experiments at 
Fermilab [43] are included. There are no obvious differences among the deep- 
inelastic muon scattering data sets. The data can be approximately represented 
by a simple exponential in sh for Zh> 0.1. In Figure 9b the pd data are compared 
to those from e+e- annihilation at a comparable center of mass energy, taken 
from reference [44] and scaled by a factor 0.5 to ensure a comparison for one 
hemisphere only. In the interval 0.1 < sh < 0.75, the distribution measured in 
e+e- annihilation is slightly steeper. It has been suggested that this is due to the 
difference in the mix of quarks involved [42]. In Fig. 10 we show a comparison 
of our data with the frsgmentation function measured [45] in pp interactions. 
Although the magnitude of the function at moderate zh is comparable in the two 

interactions the fl data are much steeper. Within the QPM the fragmentation 
functions are postulated to be independent of the underlying hard scatter. 
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A caiculation based on QCD suggests deviations from this behavior leading to a 
steepening of the th distribution as W’ increases(46j. Such steepening has been 
observed in muon scattering [47] and e+e’ [48] interactions. In Fig. 11 we show 

the results of exponential fits to both the E665 and the TASS0 [44] data. 

In both data sets the slopes of the distributions become steeper as W’ increases. 

Such a dependence would be expected = a result of QCD [46]; it is anslogous 
to the QCD evolution of the structure functions. Given the comparison of Fig. 
10, it seems that a combination of the data from these rather different reactions 
may give a coherent view of the scale breaking effects in fragmentation despite 
the differences in the identities of the fragmenting partons. 

In Figure 12 we display the pg distributions, (l/N,,)(dN”/d&) , measured 
in this experiment for three different ranges in W’. The distribution at low & 
show the typical steep decrease but are much flatter at high pi. This is consistent 
with descriptions of such QCD processes as gluon bremsstrahlung. This feature 
is most evident for the highest W’ data. Also in Fig. 12, some data from a 
recent EMC analysis are included, which used a merged data set of pp and pd 
interactions [49]. 

The average p$ in lepton scattering has been heuristically described in terms of 
the contributions from three sources: the intrinsic momentum of the quarks in the 
nucleon, the pi introduced by the fragmentation process, and the pr introduced 
by perturbative QCD processes which may originate from either giuon emission 
by the participant quark or the photon gluon fusion mechanism. The intrinsic 
quark momentum should lead to an increase of the (p$) with s,,, as the hadron 
takes a fraction sh of the initial quark transverse momentum. The fragmentation 
pr up to rather high zr, is expected to be approximately constant in most models. 
The QCD contribution was predicted to grow proportionally to W’ [SO], M the 
phase space available for gluon emission grows. In Figure 13, we plot the average 
p+ versus W’ for three different sh ranges: 0.1 < sh < 0.2 (a), 0.2 < sa < 0.4 (b), 
and 0.4 c sh < 1.0 (c). We have also included measurements [49,51,52,53] from 
lower energy lepton scattering experiments. The expected behavior is evident; 
there is an increase of (p$) with W’ as weli as with sh, and the higher energy 
data from this experiment connect smoothly to the lower energy data. The rise 
as a function of W’ appears to weaken at higher W’. Conceivably this is because 
the higher W’ data tend to be at lower xnj. 
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Forward Di-jet Production Ratea 

The distributions and data presented in the previous section are representative 
of the initial steps towards investigating the hadronic final state in leptoproduc- 

tion in order to learn more about QCD. There have also been studies from this 
experiment [19] which have attempted analyses of the shapes of the final hadronic 

system. In this section we discuss the next step, an attempt to quantify these 
effects. 

QCD corrections to the parton model predict, through photon&on fusion (9q) 
and gluon bremsstrahlung (qg), di-jet production in the forward direction [SO]. 
The cross sections for the production of qq and qg events have bean calculated 
to first order in Q, (54). To regulate collinear and soft singularities an invariant 
mass cut is usually introduced in these calculations. This cut is equivalent to a 
definition of the resolvability of the parton pairs. In contrast to e+e- jet pro 
duction, the quark densities, as well as the fragmentation functions are involved 
in the deep inelastic jet cross-section calculations. In addition, DD di-jet pro- 
duction depends on the gluon density inside the hadron target through the qq 

process. The results of a representative calculation are shown in Fig. 14. 

The data sample of 17000 Hydrogen target events used for this analysis were 
subjected to the following kinematic cuts: e’ > 2.5 CeVs; Y 1 40 GeV; nnj > 
0.003 and 0.05 <ynj< 0.95. A further cut was used to remove the contribution 
of photon bremsstrahlung: events with Y > 200 GeV, Edwimtn/Y > 0.35 and 
no charged hadron tracks were considered to be bremsstrahlung. Both charged 
particles reconstructed in the tracking system and fitted to the vertex and all 
neutral particles reconstructed in the calorimeter were used. The particles, both 
neutral and charged were transformed to the centre of mass of the hadronic 
system, for the charged hadrons the pion mass was assumed. The Jade [55] jet 
finding algorithm has been used to define the number of jets in an event. The 
“squared invariant mass” of a hadron pair, scaled by the squared total c.m.s 
visible energy in the event (Ei,) was used by the algorithm. A reasonable 
acceptance measured in terms of Ed. is not reached until W=15 GeV (70%), 

therefore only events with W >_ 15 GeV were used. 
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Figure 15 shows the rates of one, two and more than two forward jets versus the 

resolution parameter in the algorithm, yCV1. The data have not been corrected 
for acceptance. The rates measured for di-jet production are comparsble to 
those predicted. A detailed comparison formally requires correction of the dbtb 

for acceptance and radiative effects. Further some understanding of the role of 
fragmentation in these distributions is needed. This approach may represent 
a first step’towards a quantitative understanding the relative contributions of 
the different topologies, often identified with the different QCD terms, in deep 

inelsatic scattering. 
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Conclusions 

We hsve presented and discussed measurements of the ratio of deep inelastic 
scattering cross-sections from Xenon and Deuterium. These data extend the EBj 

range of available measurements and show clearly b flattening of the ratio as ZBj 
gets smaller. The neutron to proton ratio dbtb indicate that the solution to the 
puzzle of the non-saturation of the Got&d Sum Rule does not lie in the range 
0.001 5 nnj 5 0.1. k’ragmentbtion functions snd their scde breaking show a 
remarkable consistency across /.a~, e+e- and pp interactions. Finally, rates for 
forward di-jet production hsve been measured. 
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